Recently a functionalized single-walled carbon nanotube (SWCNT) that is modified by metal atoms was experimentally developed. Single-walled carbon nanotube is known to exhibit exceptional thermal conductivity; however, there is no report about a functionalized SWCNT. In this study, thermal diffusivity of metal-coated SWCNT was derived using molecular dynamics. Consequently, thermal diffusivity exhibited ten times smaller than uncoated SWCNT. On the other hand, the heat conduction on the metal layer was observed as the shape of shoulder on the thermal time response and it was found that this contribution was not small for a short-length SWCNT.
Introduction
A single-walled carbon nanotube (SWCNT) [1] has a unique quasi one-dimensional structure and strong sp 2 bonds, which make it a potentially useful material in many applications. Because of the development of mass production methods [2] and separation techniques [3] , the application of SWCNTs has become a reality in the recent years.
The thermal property of SWCNT is quite interesting. The heat conduction is expressed by phonon transportation and electron transportation. Normally, metallic substances have large thermal conductivity, because the electron contribution is large; however, it is expected that SWCNT has much larger thermal conductivity than metallic substances even when the SWCNT is semi conducting. Owing to the strong bonds among carbon atoms, the heat conduction is occurred by phonon transportation. Because the ratio of thermal conductivity and electrical conductivity ( / T) is far from the Wiedemann-Franz law, the main factor of the heat transportation is phonon even for a metallic SWCNT [4] . One of the most interesting phenomena occurred in heat conduction of SWCNT is that the thermal conductivity of SWCNT depends on its length. For example, when the dominant factor of heat conduction is phonon in a certain material, if its representative length is shorter enough than the phonon mean free path, the phonon is never dispersed. Consequently, there is no thermal resistance (R [m 2 K / W]) based on the dispersion; thus, the thermal conductivity ( = L / R [W / mK]), which is expressed by the reciprocal number of the thermal resistance, must be proportional to its length.
The developments of functionalized CNTs [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have been reported and at present there has been more interested in using together with metal or metal matrix [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Furthermore, even SWCNTs are functionalized inorganically by using certain metal species and not organically by replacing carbon atoms with atoms of other elements such as nitrogen. Zhang et al. [21] functionalized SWCNTs by coating individual SWCNT with certain metal species; further, Ishikawa et al. [22] functionalized SWCNTs by depositing metal atoms onto vertically aligned SWCNT films. These techniques of SWCNT functionalization assist in having an affinity for conventional materials and/or devices, and controlling its electric conductivity, which cannot be directly controlled during its synthesis; further, they extend the scope of application of SWCNTs. However, at present, there is no guarantee that the preservation of the exceptional physical properties such as the thermal conductivity and physical strength. Molecular dynamics simulation can be a great tool for elucidating these problems and makes clear the phenomena. Because functionalization of an SWCNT can disturb pure sp 2 bonds, the physical strength and thermal conductivity of metal-coated SWCNTs are expected to be comparatively lower than those of an uncoated one. As found in our previous study, the physical strength becomes lower by 30% [23] . The physical properties [24] or thermal properties of SWCNT and/or interfaces between SWCNT and substances [25] are also quite interesting issues. In this study, we focused on thermal diffusivity of SWCNT and its non-Fourier behavior, which is always accompanied by ultra short time length thermal response problem [26] . Consequently, we find that the thermal diffusivity of the metal-coated SWCNT decreases but the heat conduction in metal layer exhibits comparably large amount for the short-length metal-coated SWCNT that might be expected compensating for the decrease in thermal diffusivity a little. On the other hand, for the long-length SWCNT, the thermal conductivity is originally much larger than conventional materials; thus, metal-coated SWCNT can be a superior material even if its thermal conductivity becomes smaller due to metal coating.
Method
Molecular dynamics simulations were performed for nickel-coated and uncoated SWCNTs (lengths of 50 -3000 Å, (5, 5) chirality). The velocity Verlet method is employed to integrate the classical equation of motion with a time step of 0.5 fs. Referring to our previous study [27] , nickel can cover the SWCNT most smoothly among titanium, gold, iron, and nickel that were tried in our MD simulation; thus, nickel is most adequate material to examine its coating effect on physical properties. The potential functions for treating transition metal atoms have already developed such as Morse type [28] , Finnis-Sinclair [29] , embedded atom model [30] , and so forth. On the other hand, there are no reliable classical potential functions to express carbon-metal interaction except for ReaxFF [31] and many-body potential functions employed in this study. Unlike traditional force field methods, ReaxxFF seems to express chemical reaction, particularly, hydrocarbon reactions, transition-metal-catalyzed nanotube formation because that allows for continuous bond formation/breaking. However, in this study, as we would like to express CNT-coating and its thermodynamic property, we employed the other potential function, which described below and can express local structure well. The carboncarbon interaction was expressed using the BrennerTersoff potential [32] ; its simplified form [33] is as follows in Eqs. (1) - (8):
In the above equations, r denotes the distance between two atoms, and V R and V A denote the Morse-type potential for the repulsion and attraction terms, respectively. R e denotes the equilibrium bond length, and D e is the potential depth at r = R e . S represents the ratio of the effective repulsion to attraction. comparable to the real clusters, which appear in vacuum deposition process.
The periodic boundary condition was employed, but as both the ends of the SWCNT are fixed, the boundary condition is not essential for this simulation.
Concerning to the mechanism for phenomena of depositing metal species onto SWCNT sidewall is discussed in above-mentioned paper; thus, we cover by one layer almost one-third number of nickel is enough. Here, to express the experimental condition properly, we employed the SWCNT partially covered by two layers. Why we do not prepare the strictly one layer coated SWCNT is to express more practical surface and to exclude inessential enhancement of physical properties owing to the perfect crystallinity of metal associated SWCNT surface. Consequently, the number of layer did not affect the thermal diffusivity; otherwise, this effect was not shown in the thermal response at least.
An SWCNT is a quasi one-dimensional structure. Therefore, as shown Eq.
(2), its thermal diffusivity () can be derived by fitting the temperature profile in SWCNT to the one-dimensional non-Fourier heat conduction equation with two relaxation timescales ( 1 ,  2 ). The thermal diffusivity is derived at an arbitrary time (t = t 1 ) when heat does not propagate to both the ends to avoid from the heat reflection and unintentional boundary effect. temperature control. First, the SWCNT is fully annealed at nearly 0 K using these four rings and then, the temperature profile is given instantly as shown above to express heat propagation.
where T 0 is the maximum temperature at t = 0, n is the ring number, n 0 is the total number of rings, and  is the width of the Gaussian distribution. As shown in Fig. 3 , both ends of the SWCNT are fixed in order to attenuate the longitudinal components of heat conduction and clearly express the radial component. During the entire calculation, MD simulations were performed 50 times for different specific initial conditions such as the temperature and length of the SWCNT; in order to reduce the noise and those averages were adopted.
Results and discussion
Recently, it has become clear that heat conduction in an SWCNT is mainly attributed to phonons, and in particular, to optical phonons. Thus, the behavior of heat propagation indicates non-Fourier heat conduction and thus shows wavy or wavelike thermal responses [26] . Cattaneo [36] and Vernotte [37] subjected SWCNTs to a high-speed process such as ultra short-pulsed laser heating and thus introduced the macroscopic thermal wave model, which is the hyperbolic energy equation, as shown in Eq. (4). used for temperature control. First, the SWCNT is fully annealed at nearly 0 K using these four rings and then, the temperature profile is given instantly as shown above to express heat propagation. be 3R, where R is a gas constant.
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